Purpose: Diabetic obesity in the leptin-deficient ob/ob mouse is associated with weight gain, and hyperglycemia, along with hyperinsulinemia. We have previously examined the effects of genistein (a naturally occurring isoflavone found in soy) on metabolic disturbances in the ob/ob mouse and demonstrated beneficial effects of genistein (600 mg genistein/kg diet, for 4-weeks) on T 3 production and corticosterone status. The goal of this study was to examine whether dietary genistein could prevent, or at least lessen, the typical phenotype in this murine model of diabetic-obesity, and to assess potential sex-differences. Patients and methods: The ob/ob mice (male and female) aged 4-5 weeks were randomly assigned to one of two diets for a period of 4-weeks: standard rodent diet, or genisteincontaining diet (600 mg genistein/kg diet). Comparisons were made to a lean control group. Results: Genistein diet significantly reduced body weight by 12% in females and 9% in males. Genistein significantly lowered serum glucose levels by 18% in females and 43% in males, yet had no effect on serum insulin. Genistein diet significantly lowered serum triglyceride levels in both ob/ob male and female mice returning them to lean levels. In females only, genistein significantly reduced serum pancreatic polypeptide levels by 56% and increased serum GIP levels 2.3-fold. Genistein had sex-dependent effects on hepatic steatosis: in females, genistein further increased the % fat area and the fat droplet diameter 2.6fold, along with additionally increasing hepatic TBARS. Conclusion: The results from this study indicate interesting beneficial effects of genistein diet for both male and female ob/ob mice.
Introduction
The ob/ob leptin-deficient mouse is a commonly used murine model for diabetes and obesity. These mice are hyperglycemic, hyperinsulinemic and hyperlipidemic. 1 Hypoleptinemia, while uncommon, has been reported clinically. 2 In addition, humans with congenital leptin deficiencies secondary to mutations in the ob gene exhibit impaired cell-mediated immune responses, and an increased rate of infections in the absence of hypercortisolemia and hyperglycemia. [3] [4] [5] [6] [7] In the current study we utilized ob/ob male and female mice aged 9-10 weeks, which is comparable to previous studies that have demonstrated hyperinsulinemia and hyperglycemia at this age. 8, 9 Genistein is a naturally occurring phytoestrogen, with a plethora of beneficial effects. The following examples highlight the usefulness of genistein as a tool to ameliorate symptoms associated with diabetes and obesity. Genistein has been shown to: (1) improve cardiac inflammation and oxidative stress in a model of streptozotocininduced diabetic cardiomyopathy, 10 (2) exhibit antioxidant and tyrosine kinase activities, [11] [12] [13] [14] (3) improve systemic glucose tolerance via enhanced expression of GLUT4 in female Zucker diabetic fatty rats (dietary administration for 17 weeks: 30-55 mg/kg/day), 15 (4) reduce lipogenesis and triglyceride accumulation via increased PPAR-γ expression and improve hepatic glucose uptake in obese female Wistar rats, 16 and have antiadipogenic actions, thereby playing a role in lipid metabolism. 17, 18 Recently, we demonstrated that genistein diet (600 mg genistein/kg diet) consumed for 4-weeks, could have beneficial effects on energy expenditure in male ob/ob mice; increasing both body temperature and serum T 3 levels, with an accompanied reduction in hypercorticosteronism. 19 Interestingly, the production of several intestinal peptides is known to be either altered in the obese-diabetic state or to have effects upon metabolic state. For example, over-expression of glucose-dependent insulinotropic polypeptide (GIP) in mice has been shown to reduce diet-induced obesity and steatosis and to improve glucose homeostasis. 20 GIP, potentiates glucose-stimulated insulin secretion during a meal, and promotes nutrient uptake and storage. Peptide YY (PYY) and pancreatic polypeptide (PP) have effects on energy balance, indeed obese individuals have been reported to have less circulating PYY. 21 Moreover, administration of gut hormones such as PYY and PP can lead to reduced food intake and weight loss. 22, 23 Resistin has also been linked to metabolic syndrome, and is known to play a role in promoting hepatic steatosis and hyperlipidemia in obese mice. 24 Previous evidence indicates that both glucagon and PP levels are elevated in the ob/ob model. 25, 26 Glucagon release is modified to some extent by the type of dietary intake (suppressed by glucose intake and stimulated by protein intake) and indeed, in obese humans, glucagon levels are elevated. 27 Thus, as part of this study we aimed to determine whether or not genistein's beneficial effects were mediated, at least in part, via modulation of these intestinal peptides.
Here, we provide an assessment of the effects of consuming genistein for a period of 4-weeks on the physical characteristics, serum profile, hepatic steatosis and hepatic oxidative stress of male and female obese/diabetic ob/ob mice. We hypothesized that the diabetic obese phenotype of the ob/ob mouse would be diminished (appear more lean-like) by administration of genistein diet. Genistein significantly reduced body weight in ob/ob females and males (12-9% respectively). Genistein significantly lowered serum glucose levels in ob/ob females and males (18-43% respectively), yet had no effect on serum insulin. Genistein diet significantly lowered serum triglyceride levels in both ob/ob male and female mice returning them to lean-like levels. In females, genistein significantly reduced serum pancreatic polypeptide levels and increased serum GIP levels. Genistein had sexdependent effects on hepatic steatosis: in females, genistein increased the % fat area and the fat droplet diameter 2.6-fold, along with further increasing hepatic TBARS. The results from this study indicate interesting beneficial effects of genistein diet for both male and female ob/ob mice on body weight, serum glucose and serum triglyceride levels.
Methods Mice
Male and female ob/ob and lean littermate C57BL/6J mice aged 4-5-weeks were purchased from Jackson Laboratory (Bar Harbor, ME) and housed in an animal care facility with 12:12 hr light-dark cycle. Mice were randomly assigned to one of two diet groups: ob/ob mice fed either a standard rodent chow (std, ob/ob-Std), or fed a genistein-containing diet (Gen, ob/ob-Gen). Mice we compared to lean controls, fed standard rodent show (std, ln-Std). In this study we did not have a lean group that was fed genistein. The goal of the current study was first to compare lean to ob/ob both fed identical standard chow, and then second to feed ob/ob mice the genistein diet to ascertain genistein effects.
The genistein-containing diet (600 mg genistein/kg diet, Gen) was purchased from Dyets Inc. (Bethlehem, PA). The composition of the genistein diet has been published previously. [28] [29] [30] Food and water were provided ad libitum. Body weight and general health were monitored weekly for the duration of the 4-week diet study period. At~9-10-weeks of age, mice were asphyxiated in an atmosphere of 100% CO 2 , followed by surgical pneumothorax. At the completion of the diet study organs were harvested, immediately weighed and either frozen in liquid nitrogen for storage at −80ºC until use, or flash frozen in Optimal Cutting Temperature compound (OCT) for sectioning.
Institutional approval for the study
Animal care was conducted in accordance with established guidelines, and all protocols were approved by the Midwestern University Institutional Animal Care and Use Committee and carefully followed the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Histology
Freshly isolated pieces of liver were embedded and flash frozen in O.C.T. (Tissue-Tek, Torrance, CA). Oil Red O staining was performed on liver 8-10 µm sections according to the manufacturers recommendations (Abcam, Cambridge, MA). 31 Assessment, using Image J Pro Premier Software (Media Cybernetics, Rockville, MD), was made of the % fat/image from images taken at 10× magnification. Averages of 3 measurements per mouse were taken and data are presented as the average of multiple mice per group.
Determination of non-protein sulfhydryls and thiobarbituric acid-reactive substances (TBARs)
Pulverized samples of frozen liver tissue were homogenized in 10 volumes of cold phosphate buffer (pH 6.8). A portion (0.4 mL) of each homogenate was drawn off and assayed for TBARs by previously published methods, 32 using 1,1,3,3-tetramethoxypropane (TMP) as an external standard. Results were reported as nmoles/g tissue. For the determination of non-protein thiols, the remaining portions of the original homogenates were deproteinized by adding trichloroacetic acid to a final concentration of 5%, incubating at 0ºC for 1 hr, and centrifuging at 3000 × g for 10 mins at 4ºC. Aliquots (200 μl) of the deproteinized samples were drawn off, neutralized to pH 7.0 by the addition of 100 μl of 2 M Tris base and then reacted with 2.5 mL of 5.5'-dithiobis (2-nitrobenzoic acid, 1.18 mg/mL) according to the method of Ellman. 33 We have used this methodology in previous studies to assess oxidative stress in cardiac tissue. 34 
Serum measures
Serum was collected from whole blood taken from each mouse via cardiac puncture at the time of euthanasia. Serum samples were then stored at −80°C until use. For murine studies, this is a preferred method to obtain blood (and subsequently serum) at the time of euthanasia. 19 Measures of serum levels of the following were obtained using commercially available assay kits (the coefficient of variation, CV, is shown where possible); glucose (Wako Diagnostics, Richmond, VA: assay has no CV data on inter-or intra-assay variation), triglycerides (Cayman Chemical, Ann Arbor, MI: intra-assay CV is 1.34% and inter-assay CV is 3.17%, with a lower detectable limit of 0.5 mg/dl) and cholesterol (Cayman Chemical, Ann Arbor, MI, USA; intra-assay variation CV is 6.4% and inter-assay variation CV is 3.4%, with a detectable range of 2-20 μm). Measures of serum levels of resistin, PYY, PP, GIP, insulin and glucagon were performed using the metabolic hormone kit Milliplex-MMHMAG-44K-07 (Millipore, Billerica, MA; intra-assay CV is <10-15% and inter-assay CV is <10-20%, with detectable ranges between 1-43 pg/mL).
Chemicals
All other chemicals were obtained from Sigma Aldrich (St. Louis, MO).
Statistics
Data are expressed as mean ± SEM. Numbers in parentheses represent numbers of tissues used from separate individual mice. One-way Anova with Neuman Keuls test or unpaired t-tests, were performed using GraphPad (San Diego, CA) and P<0.05 was considered statistically significant.
Results

Physical characteristics
At the completion of the 4-week diet study, ob/ob female mice fed genistein-supplemented diet gained~12% less weight (P<0.05) compared to those ob/ob mice fed standard diet, Figure 1 . Similarly, male ob/ob mice fed genistein diet gained~9% less weight (P<0.05) compared to those males fed standard diet, Figure 1 . Measures of heart and liver weights at the end of the diet study are shown in Table 1 . Liver weight normalized to body weight was significantly increased in the ob/ob males and females and subsequently changed by genistein diet in females. Total abdominal fat pat weight was significantly reduced by~1 g with genistein diet in female ob/ob mice, whereas male ob/ob mice tended to have a greater variability in fat pad mass (Table 1 ).
Serum profile
Typical for the ob/ob model of diabetic obesity, serum glucose levels ( Figure 1C ) were significantly elevated in ob/ob females (476.7±15.2 mg/dL, n=11, P<0.05) compared to lean controls (240.6±8.1 mg/dL, n=13), and genistein diet significantly reduced glucose levels by 18% (to 389.1±39.7 mg/dL, n=11, P<0.05). Serum glucose levels were similarly elevated in ob/ob males (604.0±56.2 mg/dL, n=7, P<0.05) compared to leans (259.6±18.7 mg/dL, n=6), and genistein diet significantly reduced glucose levels 43% (to 345.8±21.1 mg/dL, n=7, P<0.05). In addition, and characteristic for the ob/ob model, serum insulin levels ( Figure 1D ) were significantly elevated in ob/ob females (8244.0±1131.7 pg/mL, n=6, P<0.05) compared to leans (1284.6±377.4 pg/mL, n=6). Serum insulin was similarly significantly increased in ob/ob males (7387.4±266.8 pg/mL, n=5, P<0.05) compared to leans (1987.3±402.3 pg/mL, n=6). Interestingly, genistein diet had no effect on insulin levels for either sex. Serum triglyceride (TG) levels were significantly increased in ob/ob mice compared to lean counterparts (Figure 2A) : ob/ob females, 257.74±26.07 mg/dL (n=6, P<0.05) versus leans 103.49±7.64 mg/dL (n=6) and ob/ob males 227.50±30.76 mg/dL (n=6, P<0.05) versus leans 123.22±18.42 mg/dL (n=6). Genistein significantly lowered levels of triglycerides in all ob/ob mice returning levels to that of leans ( Figure 2A ): in ob/ob females TG levels were reduced by 73% (to 94.74±6.73 mg/dL, n=7, P<0.05), and in ob/ob males TG levels were reduced by 70% (to 67.31 ±5.39 mg/dL, n=7, P<0.05). Serum cholesterol levels were significantly increased in ob/ob mice compared to leans ( Figure 2B ): ob/ob females 163.07±9.53 mg/dL (n=14, P<0.05) versus leans 59.71±3.04 mg/dL (n=13) and ob/ob males 186.63±14.20 mg/dL (n=7, P<0.05) versus leans 95.96 ±7.17 mg/dL (n=6). Interestingly, genistein significantly further increased levels of cholesterol in all ob/ob mice ( Figure 2B ): genistein increased cholesterol levels in ob/ob females 1.58-fold (to 258.24±13.83 mg/dL, n=14, P<0.05), and in ob/ob males 1.71-fold (to 319.18±29.31 mg/dL, n=7, P<0.05).
Serum levels of a series of five metabolic markers are shown in Figure 3 . Both sexes of ob/ob mice had increased levels of serum pancreatic polypeptide, PP, compared to leans ( Figure 3A) : ob/ob females 33.22±9.37 pg/mL (n=6, P<0.05) versus leans 6.75±1.29 pg/mL (n=6), and ob/ob males 48.54 ±13.69 pg/mL (n=6, P<0.05) versus leans 18.67±6.90 pg/mL, (n=6). Genistein significantly lowered levels of PP in ob/ob females by 56% (to 14.59±4.41 pg/mL, n=7, P<0.05), but had no effect in males (although there is trending decrease). Serum peptide YY (PYY), levels were significantly increased in both sexes of ob/ob mice compared to leans ( Figure 3B ): ob/ob females 66.89±6.78 pg/mL (n=6, P<0.05) versus leans 49.34 ±4.08 pg/mL (n=6), and ob/ob males 87.99±4.63 pg/mL (n=6, P<0.05) versus leans 30.01±11.15 pg/mL (n=6). Genistein diet was without effect. Serum resistin levels were significantly increased 1.72-fold in male ob/ob mice (7904.00±290.78 pg/ mL, n=6, P<0.05) compared to leans (4569.60±801.29 pg/mL, n=6, Figure 3C ). Genistein diet further significantly increased resistin levels 1.48-fold in ob/ob males (11, 684 .00±809.88 pg/ mL, n=7, P<0.05). Serum resistin levels were comparable within all female groups. Serum glucagon levels were significantly increased 7-fold in female ob/ob mice (175.57 ±27.08 pg/mL, n=6, P<0.05) compared to leans (25.08 ±8.68 pg/mL, n=6, Figure 3D ), and genistein diet was without effect. Glucagon levels were comparable within all male groups. Serum GIP levels were comparable in both sexes of ob/ob mice compared to lean counterparts ( Figure 3E ). Genistein diet significantly increased GIP levels by 2.3-fold in ob/ob females (from 258.79±47.37 pg/mL (n=6), to 5584.21±73.14 pg/mL (n=7), P<0.05). While GIP levels were statistically comparable between all male groups of mice, genistein diet trended to increase serum GIP levels.
Evaluation of liver steatosis using oil-red O staining indicated sex-dependent effects of genistein ( Figure 4 ). As expected, both female and male ob/ob mice had a significantly Figure 3 Effect of genistein on serum markers of metabolism. (A) PP. Pancreatic polypeptide, PP, levels were significantly elevated in the ob/ob control groups. Genistein diet reversed this in females. (B) PYY. Peptide YY, PYY, levels were significantly elevated in the ob/ob control groups. Genistein had no effect. (C) Resistin. Resistin levels were comparable in all female groups. In males, resistin levels were significantly elevated in the ob/ob controls, and genistein diet further increased this. (D) Glucagon. Glucagon levels were significantly elevated in the ob/ob control females. Genistein had no effect. Glucagon levels were comparable in all male groups. (E) GIP. GIP levels were unchanged in the ob/ ob groups versus lean controls. Genistein diet further increased GIP in ob/ob females. Lean mice fed standard-diet (gray bar), ob/ob mice fed standard-diet (open bar), and ob/ob mice fed genistein-diet (solid bar). n=6-7. Values are mean ± SEM *denotes significant difference to leans P<0.05 and # denotes significant genistein mediated effect P<0.05. Hepatic oxidative stress as measured by non-protein sulfhydryls ( Figure 5A) , indicated sex-dependent differences: ob/ob females fed standard chow (6.78±0.70 μmoles/g, n=6) exhibited comparable levels to lean controls (7.13 ±0.52 μmoles/g, n=6) and genistein diet was without effect (8.18±0.47 μmoles/g, n=5), whereas ob/ob males had significantly elevated levels of non-protein sulfhydryls (10.05 ±0.73 µmoles/g, n=4, P<0.05) compared to leans (7.46 ±0.65 µmoles/g, n=5). Interestingly, genistein was without effect in male mice also (10.73±0.36 μmoles/g, n=10). Hepatic oxidative stress as measured by thiobarbituric acidreactants (TBARS ( Figure 5B ), indicated diabetes-related oxidative stress: ob/ob females had significantly elevated levels of TBARS (124.70±25.32 nmoles/g, n=6, P<0.05) compared to leans (51.64±5.45 nmoles/g, n=5)., and ob/ob males had significantly elevated levels of TBARS (125.80 ±44.86 nmoles/g, n=4, P<0.05) compared to leans (52.33 ±10.27 nM/g, n=6). Interestingly, genistein significantly exacerbated TBAR levels in ob/ob females 1.54-fold (to 192.76±20.95 nmoles/g, n=5, P<0.05), but was without effect in ob/ob males (202.65±15.35 nmoles/g, n=8).
Rockwood et al
Discussion
The ob/ob mouse is hyperphagic, obese, hyperglycemic and insulin resistant. 9, 35 Estrogens are known to influence adipocyte mass mediated by estrogen receptor dependent activation. 36 Not surprisingly, isoflavonic phytoestrogens such as genistein have similar effects to estrogen. Genistein has been shown to, (a) decrease adipose deposition (fat pad weight) in ovariectomized mice prone to metabolic syndrome, 37 (b) inhibit adipose deposition and increase adipocyte mass in lean female mice, 36 and (c) increase epididymal fat pad weight, renal fat pad weight and adipocyte size in lean males but not females, 17 along with reducing plasma triglyceride levels~50%. 17 Our data fit with those previously published studies using ovariectomized mice, indicating a genistein-mediated decrease in fat pad weight in females (with a similar trend in males).
We predicted that fat pad weight would correlate with liver steatosis and serum TG and cholesterol levels. This is important since ob/ob mice as old as 10 weeks typically show severe hepatic steatosis compared to age-matched leans, which show minimal to nil steatosis. 38 Here, we provide evidence that a genistein-mediated significant reduction in fat pad weight in females was associated with decreased serum TG (not cholesterol), but with an increase in hepatic steatosis. Our data also indicated that genistein was without effect on fat pad weight in males, yet was associated with a similar decrease in serum TG (not cholesterol), and no effect in hepatic steatosis, thus suggesting these parameters are not necessarily linked and likely genistein mediates different sex-dependent tissue pathways. It is possible that potential genistein-mediated beneficial effects on hepatic steatosis could be noted with longer duration of genistein exposure (8 or 12-weeks versus 4-weeks diet study). Other potential explanations for the genistein-mediated effects could include the following;
(1) a metabolomic analysis of obesity indicated sex-dependent differences in ob/ob mice, in male mice obesity was associated with insulin signaling, whereas in female mice obesity was associated with lipid metabolism, 39 (2) effects on adiposity could involve modifications in adipocyte genes that are regulated by estrogen, eg monocyte chemoattractant protein-1 and androgen receptor genes, 40 and (3) alterations in the regulation of estrogen receptor-ERα in the hypothalamic arcuate nucleus via circulating estrogen and/or genistein (ERα expression is key to maintain body weight and adiposity). 41 Hepatic steatosis in ob/ob mice has been shown to be associated with increased oxidative stress, as demonstrated via an elevated production of ROS. 42 Here we demonstrate that ob/ob mice had increased TBARS (compared to leans) suggesting significant lipid peroxidation, and genistein diet further exacerbated this in females. Glutathione is an antioxidant involved in scavenging ROS, 43 and we demonstrate increased glutathione levels ob/ob males, and note that genistein has no effect.
Of interest relating to the treatment of obesity are a series of gut-derived hormones, ie peptide YY (PYY) and pancreatic polypeptide (PP), since both have known effects on energy balance and food intake. 44 Serum levels of PYY have been shown to be reduced with obesity, 21 and enhancement of PYY levels has been shown to be associated with improvements in glucose homeostasis presumably via effects on the hypothalamo-pituitary-thyroid axis. 45 Our data demonstrating that PYY levels were increased in the ob/ob mice are in contrast to those previous findings, moreover, we note that genistein had no effect on PYY levels. Our data fit with past observations that both glucagon and pancreatic polypeptide levels are increased in the ob/ob model, 25 and interestingly genistein reduced PP levels in females (with a similar trend in males).
Resistin is purported to play a role in promoting hepatic steatosis and hyperlipidemia in obese mice, indeed resistin deficiency has been shown to exaggerate the obese state of ob/ob mice, yet reduce hepatic steatosis. 24 Singhal et al noted that resistin levels were increased in the ob/ob mouse, which is comparable with our male data shown here (1.72-fold increase in resistin levels in the ob/ob male mice compared to leans). Here, we also find that genistein-diet further elevated circulating resistin levels in male ob/ob mice (no change in in females), which could explain, at least in part, the decrease in fat pad weight in males, via a resistinmediated inhibition of adipogensis, 46 and in addition, this could be a mechanism for the lack of further hepatic steatosis seen in male ob/ob mice. In females, serum resistin levels were unchanged by genistein diet, and interestingly hepatic steatosis was further evident (increased % fat area and fat droplet size, with concomitant increased levels of TBARS). We find that circulating glucagon levels are increased in the ob/ob females (with a similar trend in males), and genistein had no effect. Experiential effects of GIP on obesity and diabetes are inconsistent; while GIP has been shown to reduce diet-induced obesity and steatosis and to improve glucose homeostasis in mice, 20 in contrast, others have shown that ob/ob mice become obese and insulin resistant regardless of GIP presence. 47 Our data suggests that the diabetic obese state does not alter GIP production, and that genistein diet induces an increase in GIP production correlating with weight loss and decreased glucose levels in females. We find similar trends in males.
Typically, insulin resistance enhances free fatty acid (FFA) secretion due to increased lipolysis from peripheral adipose tissue. 48 This in turn, results in increased hepatic uptake of FFA, which are then converted into TG's. 49 Our data suggest that genistein-mediated improvements in serum levels of TG's in ob/ob male and female mice could be attributed to decreased adipose lipolysis, and/or decreased hepatic uptake of FFA's, and/or increased hepatic adipose storage in females. Inhibition of the intestinal bile acid transporter, Slc10a2, has been shown to improve triglyceride metabolism, and normalize plasma glucose and insulin levels in ob/ob male mice. 50 Whether or not genistein-mediated benefits on the ob/ob phenotype in the current study, ie decreasing glucose levels by 18-43% and reducing triglyceride levels by 70-73%, are mediated via effects on the Slc10a2 (at least in part) remains to be seen.
In conclusion, this study compares the effects of genistein and sex differences on the diabetic-obese phenotype of the ob/ob mouse. We find that in female ob/ob mice, genistein supplementation results in: decreased weight gain, decreased serum TG and PP, increased hepatic steatosis and hepatic TBARS, whereas in ob/ob males genistein supplementation results in: decreased weight gain, decreased serum TG and increased resistin, and increased hepatic TBARS. Future studies are needed to examine and elucidate specific sex-dependent mechanisms of action.
